ABSTRACT. The short-term distribution kinetics of exogenous surfactant distribution after intratracheal instillation was investigated in surfactant-deficient neonatal piglets during assisted conventional mechanical ventilation and by high-frequency jet ventilation using exogenous calf lung surfactant extract (CLSE) labeled with 99mTc. Surfactant deficiency was induced by repeated bronchoalveolar lavage in piglets (1.2 2 0.4 kg, 1.4 f 0.7 d of age), and the short-term distribution kinetics of instilled, labeled CLSE were followed by gamma radioscintigraphy. Animals ventilated by either conventional mechanical ventilation or high-frequency jet ventilation showed similar improvement in arterial/alveolar oxygen ratios after surfactant replacement therapy (0.47 = 0.03 prelavage, 0.09 f 0.01 postlavage, 0.36 f 0.06 postsurfactant). This correlated directly with dynamic radioscintigraphic results showing that instilled CLSE began to distribute to the lungs within 5 s, and was present in substantial amounts in standardized symmetrical lung fields (central, right, and left; upper and lower) within 20 s of tracheal instillation. Subsequent measurements over 30 min showed continued presence of radiolabeled CLSE in all five areas of the lung, with no significant difference between conventional mechanical ventilation and high-frequency jet ventilation animals. Static (5-min) analyses at the end of this period showed that surfactant had distributed relatively symmetrically with 30% of the CLSE located in central regions, 40% in the upper lobes, and 30% in the lower lobes. In contrast, piglets receiving 99mTc in saline showed nonuniform distribution with multiple filling defects noted throughout the lungs. The rapid kinetics and ventilation independence of CLSE distribution suggest that surfactant spreading phenomena after tracheal instillation may faciltiate the delivery of exogenous surfactant into aerated lungs in therapeutic applications. (Pediatr Res 31: 445-450, 1992 RDS is a major cause of morbidity and mortality in premature infants who are born before full maturation of the pulmonary surfactant system (I). Because a deficiency in endogenous surfactant is a major factor contributing to the development of RDS, a good deal of research has been directed toward .the development of effective exogenous surfactant replacement therapy (2, 3). A number of clinical trials have now shown that exogenous surfactant preparations can be delivered by intratracheal instillation to premature infants with RDS, resulting in improved gas exchange, pulmonary mechanics, and clinical status (4-8). The presumed mechanisms of action of instilled surfactant in infants are at the alveolar level, with a lowering in surface tension forces, decreased atelectasis, and better matching of ventilation to perfusion (2, 3). However, little is known quantitatively about the kinetics of the process by which instilled surfactant distributes from the trachea into the lung. Little information is also available on how the dynamics of this distribution process might be affected by different modes of assisted ventilation.
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In general, the quantitative assessment of exogenous surfactant distribution in lungs is a complex problem and requires the ability to analyze in detail the concentration of surfactant as a function of position within the airways and alveoli. However, if one is interested primarily in examining the time scale of initial movement of surfactant into the lungs after tracheal instillation, then dynamic, qualitative assessments would be of significant importance.
In the present article, we examine the short-term distribution kinetics of an exogenous CLSE after intratracheal instillation into newborn piglets made surfactant deficient by repeated lung lavage. A stannous reagent reduction technique is used to directly label molecular constituents in CLSE with 99mTc, and the dynamics of the surfactant distribution process are then measured by gamma scintigraphy. In addition, two types ofassisted ventilation that give rise to different resviratory flow characteristics are studied in terms of their effects-on surfactant distribution: CMV and HFJV. The first of these ventilation modes is routinely used clinically in the treatment of infants with RDS and involves gas exchange by bulk flow with tidal volumes that substantially exceed pulmonary dead space during each breath. The latter technique of HFJV has been used successfully to treat infants with severe respiratory failure who are unresponsive to conventional ventilation (9) . It generates tidal volumes that are less than dead space and relies on gas transport mechanisms (i.e. turbulent flow) related to the high frequency of operation (10) . However, these two different ventilation techniques were not found to generate significant differences in CLSE distribution kinetics, suggesting that mechanisms other than bulk mixing and transport contribute to initial surfactant movement.
DAVIS MATERIALS AND METHODS
Exogenous surfactant (CLSE). Detailed descriptions of the CLSE preparation used here have been reported previously (2, 3, 5, 11). Briefly, this material was prepared by organic solvent (chloroform-methanol) extraction of bronchoalveolar-lavage surfactant from calves. CLSE contains 98-99% lipid, with a component distribution identical to that of natural surfactant. In addition, the extract has between 1 and 2% protein by weight, which is largely hydrophobic SP-B and SP-C lung surfactant apoprotein necessary for rapid adsorption (2, 3) . CLSE has been used extensively in clinical trials of surfactant replacement therapy in infants with RDS (4, 7, 8) and was used as a representative material for the exogenous surfactant distribution studies here.
Radionuclide labeling of exogenous surfactant. 99mTc labeling of CLSE was performed in the presence of stannous reducing agent. Initially, 1 g of stannous chloride (SnC12.H20) was dissolved in 10 mL of concentrated hydrochloric acid, and the solution was filtered through a 0.22 pm filter. A 1-mL aliquot of filtrate was diluted 100-fold with deionized distilled water and the pH was adjusted to 7.1-7.5, with a final concentration of stannous ion of 572 pg/mL. Two mL of this stannous reducing reagent were then combined with 0.5 mL of 99mTc (10 mCi) and 2.5 mL of CLSE in 0.15 M NaCl(60 mg/mL). The labeled CLSE (now 30 mg/mL) was then stirred and incubated at room temperature for at least 3 min before instillation into animals. After labeling, the surface activity of CLSE was analyzed with a pulsating bubble apparatus (2) to verify that its ability to lower surface tension had not been affected. Both labeled and unlabeled CLSE reached minimum surface tensions < 1 dyne/cm at 37°C on the bubble at a phospholipid concentration of 1 pmol/mL.
For kinetic studies, it was important to verify that the 99mTc label was bound to surfactant components and not easily separated during distribution. For this purpose, it was not necessary to define the precise molecular location of 99mTc, although one likely target for labeling is exposed COOH groups on surfactant apoproteins. Five complementary assays were used here to characterize 99mTc-labeled CLSE. The first of these was thin-layer chromatography, which was performed using instant thin-layer chromatography Fiberglas strips layered with silica gel (ITLC-SG, Gelman Instrument Co., Ann Arbor, MI). Ten to 20 pL of labeled CLSE were applied to the dry strip 1 cm from the bottom. The strip was allowed to run and was developed with acetone. In this system, unreacted pertechnetate migrates near the solvent front, whereas reduced 99mTc produced in the absence of a binding ligand does not migrate appreciably from the origin (1 2).
Assessments of 99mTc binding were also performed by dialysis, TCA precipitation, and cellulose acetate electrophoresis. Dialysis of CLSE dispersions after labeling was carried out for 2 h at room temperature in a microdialysis tube (molecular weight cutoff approximately 10 000) without a change of dialysate (0.9 N NaCl, 1: 10 000). Measurements of dialyzed radioactivity then defined the percentage of label that was either free, loosely bound, or bound to small dialyzable molecules in CLSE. For TCA precipitation, equal parts of labeled surfactant and 10% TCA were mixed, giving rise to a protein-containing precipitate that was subsequently centrifuged (1 300 x g) and washed. The radioactivity retained in the washed pellet determined bound label. Cellulose acetate electrophoresis measurements were performed by spotting a few nanoliters of labeled surfactant on a saturated cellulose acetate membrane, which was developed for 30 min in a barbital buffer (pH 8.0) at a constant voltage of 250 mV. The membrane was stained with Ponceau red stain and washed several times in 5% acetic acid to disclose the protein bands, and the 99mTc activity was determined. Finally, labeled surfactant was stringently exposed to organic solvent extraction to confirm that the label was tightly bound (13) . As shown later, all these measurements confirmed that CLSE was directly labeled with 99mTc.
Physiologic studies. Seventeen newborn piglets weighing 1.2 f 0.4 kg (mean + SEM) and 1.4 f 0. Arterial blood gases were obtained and pulmonary function testing was performed on all experimental animals (supine) at time zero using a computerized technique (MAS, Hatfield, PA) (14, 15) . Assessments for pulmonary mechanics required a 1-min measurement period, during which flow rates were measured with a pneumotachometer (Fleisch 00; OEM Medical Inc., Richmond, VA) inserted between the endotracheal tube and ventilator, and an esophageal balloon (in the lower third of the esophagus) was used to estimate pleural pressure. Transpulmonary pressure was measured with a differential pressure transducer (Validyne Engineering Corp., Northridge, CA), and was expressed as airway minus esophageal pressure. Flow and pressure signals were continuously relayed to a computer and digitized at 75 Hz. Flow was then numerically integrated to give tidal volume, and minute ventilation was calculated. In addition, total dynamic lung compliance (corrected to weight, not lung volume) and pulmonary resistance were determined from flow and pressure signals by two-factor least mean square analysis (15) . Computer analysis permitted graphic evaluation and screening of individual breaths by simultaneous display of scalar tracings, flow-volume, and pressure-volume relationships. Only mechanical ventilator breaths that were complete and nondistorted were selected for final analysis, with a mean value reported for a minimum of 10 breaths.
After pulmonary function testing, surfactant deficiency was induced in the neonatal piglets by repeated BAL with warm saline (16) . BAL was performed with 50-mL aliquots of saline at 5-min intervals until the arterial O2 pressure was less than 12.9 kPa (100 mmHg) and total dynamic lung compliance had decreased by more than 50%. In general, this required five to six repeated lavages for the piglets studied here, with > 60% lavage volume recovery for all animals. In a subgroup of animals (n = 3), BAL was centrifuged (400 x g, 10 min) to remove cells and was analyzed on an aliquot-by-aliquot basis for phospholipid (17) After BAL, pulmonary function testing was again performed on all animals. Animals were then subdivided into four groups as follows: 1 ) Three piglets were killed and lung sections were examined microscopically to demonstrate compromised inflation patterns; 2) six piglets were given 100 mg/kg of labeled CLSE as a single intratracheal bolus followed by distributional assessments over 30 min while being ventilated with CMV; 3) five piglets were given an identical dose of labeled CLSE and studied over 30 min while receiving HFJV (Bunnell Inc., Salt Lake City, UT); and 4) three piglets received 99mTc in saline and then 30 min of CMV (n = 2) or HFJV (n = 1).
All experimental animals were initially conventionally ventilated with similar proximal mean airway pressures (6.0 f 0.5 cm H20, CMV; 5.4 f 0.3 cm H20, HFJV; p = NS). When animals in the HFJV group were initially conventionally ventilated, both proximal (mouth) and distal (tip of the endotracheal tube) mean airway pressures were measured. After labeled CLSE or saline was administered, animals were placed on HFJV with ventilator settings typical for clinical applications in neonates, including a rate of 420 breathslmin, inspiratory time of 0.02 s, and a positive end expiratory pressure of 3 cm H20, which provided adequate gas exchange with minimal air trapping. Inspiratory pressure was varied to keep distal mean airway pressure constant during ventilation with CMV and subsequent HFJV. This ensured that mean airway pressure was comparable in both ventilation groups. A background sigh rate of 4 breathslmin was provided by the conventional ventilator during HFJV, with the inspiratory pressure maintained 2-3 cm H20 below that of the jet ventilator as is commonly done clinically.
During the 30-min experimental ventilation period, dynamic surfactant distribution in CMV and HFJV animals was continuously imaged using a large field of view gamma camera (Searle, Arlington Heights, IL). Imaging was performed in a dynamic mode using a 128 x 128 matrix. Data were collected in 5-s frames for the first minutes after surfactant administration and then every 30 s for the remainder of the 30-min study. Data was stored in an Informatek (Paris, France) computer that had been fitted with Sopha Software (Sopha Development Software, Gaithersburg, MD). Five separate regions of interest were defined (central, right upper, right lower, left lower, and left upper) over the lungs, and regional activity curves for labeled CLSE were constructed as a function of time. At the conclusion of the dynamic study, a 5-min static image for counts in each lung region was also acquired and stored, along with repeat blood gases and pulmonary function studies. The continuous 5-min static counting period provides a more accurate assessment of ultimate surfactant distribution than the shorter counting periods (5-30 sec) used during dynamic imaging. Lung sections were then obtained for light microscopy to examine overall inflation patterns in surfactant-treated animals compared with lavaged animals not receiving surfactant.
Microscopic studies. Qualitative evaluations of overall inflation patterns were performed in the 17 study animals and in six additional piglets used as unventilated controls. When the animals were killed (1 50 mg/kg pentobarbital), the chest was opened and a catheter was inserted into the right ventricle and secured in the main pulmonary artery (18) . The left atrium was opened to allow for escape of infused fluids. While the lungs were maintained at constant airway inflating pressure of 20 cm H20, 60 mL of normal saline were slowly infused to wash out blood from the pulmonary circulation. Then, 100 mL of phosphatebuffered paraformaldehyde/glutaraldehyde were perfused slowly through the vascular system over 15 min. After fixation, the lungs were removed, and random tissue blocks from each lobe were processed for light microscopy. Light microscopic specimens were embedded in paraplast, sectioned, and stained with hematoxylin and eosin. Sections were examined for abnormal inflation patterns in a blinded fashion. Multiple fields were examined and graded according to the degree of atelectasis (i.e. mild, moderate, or severe). The pathologist was blinded to specific treatments of individual piglets.
Statistical analysis. Physiologic changes occurring pre-and postlavage and postsurfactant replacement were analyzed by oneway analysis of variance, as were radioactive count differences in various lung fields during surfactant distribution. Differences between specific variables in the CMV and HFJV groups were analyzed by unpaired t test.
RESULTS
The extent of 99mTc binding to CLSE during the labeling process is assessed in Table 1 , and the first four methods studied indicated binding of >90% of original radiolabel. Instant thinlayer chromatography demonstrates the highest degree of 99mTc binding, but this test is also the least stringent for defining label bound to CLSE. Both dialysis and TCA precipitation indicate binding of 93-94% of label to large molecules or molecular aggregates in CLSE. This degree of binding was similar to that found with CA electrophoresis, which revealed a major band migrating at 5-10 mm toward the cathode that was associated with the largest fraction of 99mTc label. This assay distinguishes protein-or lipoprotein-bound 9 9 m T~ from other species and firmly establishes the direct labeling of CLSE constituents for distributional assessments. Labeled surfactant was also treated under very stringent conditions with organic solvent extraction (chloroform-methanol) and still almost 60% of 99mTc remained bound directly to surfactant components. Table 2 shows the results of physiologic measurements in the piglets immediately before lavage, and then after endogenous surfactant had been depleted by BAL. Tabulated results are for experimental animals before and after BAL, with CMV used as a common modality to this point in the experiment. As shown, BAL was associated with severe decreases in oxygenation and pulmonary mechanics in all animals. In addition, surfactant replacement therapy after lavage resulted in significant improvement in oxygenation in animals receiving either CMV or HFJV ( n = 1 1). Postsurfactant results in Table 2 are combined for these piglets because there was no statistically significant difference between the two ventilation groups. The initial kinetics of distribution of labeled CLSE after tracheal instillation are shown by radioscintigraphic images in Figure 1 . The images in this figure are for the first 20 s of surfactant distribution after instillation in a representative piglet, and they display the extreme rapidity with which the distribution process was found to proceed in all animals. At 5 s after instillation (Fig. lA) , the surfactant was seen in the trachea and in the right and left mainstem bronchi. At 10-15 s (Fig. 1 B and C) , surfactant was entering the right and left lungs, and the 20-s image (Fig. 1 D) shows that surfactant has reached all areas of both lungs. A small amount of free Tc was rapidly absorbed into the piglets and provided a background silhouette of the animal. This background image was eliminated for Figure 1 , but did reveal that surfactant had distributed to even the peripheral areas of both lungs. Figure 2 shows results for the 99mTc activity in five regions of the pulmonary system over the first minute of labeled surfactant distribution after instillation. The data show measurable activity Figure 2 is extended over the 30-min dynamic imaging period in Figure 3 , which displays the relatively symmetrical distribution of labeled CLSE into all lung areas. The 99mTc data in Figures 2 and 3 are each for a representative animal, but results were similar in all animals studied after surfactant instillation, regardless of whether they received CMV or HFJV.
At the end of the dynamic imaging period, animals were analyzed for cumulative radiolabel over a more accurate, constant 5-min counting period to obtain a measure of relative surfactant in various regions of the lung. The results in Table 3 show that approximately 30% of the total counts were located in the central portions of the lungs at 30 min, with the remainder distributed relatively symmetrically throughout the lungs. Again, there was no statistical difference in this count distribution between CMV and HFJV animals, which are thus combined together in Table 3 . The three piglets receiving 99mTc label in saline and 30 min of ventilation showed similar rapid filling of large airways in the first 10 s, as was seen after CLSE administration (Fig. 4) . However, distribution after 10 s was nonuniform, with multiple filling defects noted throughout areas of both lungs Time (mins) Fig. 3 . 99mTc activity in five pulmonary regions over the first 30 min after labeled surfactant instillation. Results show a rapid and uniform distribution to all regions of the lung. Data from a representative piglet are shown, with no significant variation found between CMV and HFJV animals.
in dynamic imaging. Statistical analyses at 30 min showed uneven distribution of radiolabel with considerable variability throughout the five regions of interest. The total number of counts was considerably lower in the saline group compared with the surfactant-treated piglets (37 032 versus 77 543 counts/pixel), presumably due to increased absorption of unbound Tc.
After counting was complete, lung microscopy was performed as shown in Figure 5 . The representative results in panels A and B of Figure 5 show that compared with normal lung, piglets after BAL had diffuse, moderate atelectasis in all areas of the lung examined. Panel C shows that surfactant replacement and 30 min of conventional ventilation resulted in significantly improved inflation patterns and much less focal atelectasis, as did the combination of surfactant and 30 min of HFJV in panel D. These results are consistent with the radiokinetic and oxygenation data suggesting that surfactant was widely distributed throughout the lungs and improved inflation patterns and gas exchange.
DISCUSSION
The results of this study indicate that tracheally instilled exogenous surfactant is rapidly distributed in a relatively symmetrical fashion in animals receiving either CMV or HFJV. Dynamic imaging, which measured radioactive counts over short periods (5 s) of time, demonstrated that significant amounts of surfactant were distributed to all lung fields within 20 s after instillation (Fig. 2) . After a rapid plateau, subsequent measurements over 30 min showed continued distribution ( Fig. 3) with static counting at the end of the period, indicating relatively symmetric distribution with 30% of label located centrally, 40% in the upper lobes, and 30% in the lower lobes. In contrast, at 30 min, the saline controls showed less than 20% of the counts in the central region, almost 60% in the upper lobes, and approximately 20% of the counts in the lower lobes. Although the imaging technique used here was qualitative and involved only two dimensions, the improved oxygenation and lung morphology also observed after surfactant administration indicated that these distributional events were occumng throughout the lungs.
The rapid time scale and relatively symmetrical movement into the lungs in our study was essentially unchanged in the presence of two distinct kinds of mechanical ventilation, CMV and HFJV, which should generate respiratory flows with different microscale mixing and transport characteristics. This lack of dependence on ventilation technique, coupled with the measured kinetics of surfactant movement into the lungs, suggests that interfacial spreading phenomena are actively involved in the distribution process. Surfactants lower surface tension in propor-DISTRIBUTION OF EXOGENOUS SURFACTANT changes do occur, and a number of previous studies have shown ex~licitlv that CLSE instillation improves static pulmonary me- tion to their interfacial concentrations, and addition of surfactant to one region creates surface tension gradients relative to other regions. In the present experiments, such a driving force is present for the spreading of tracheally instilled surfactant, which is continually directed toward the lung periphery, and this apparently contributes to the extremely rapid initial distribution of instilled CLSE. Instillation of 99mTc in saline alone resulted in nonuniform distribution, and again indicated that the distribution process for surfactant dispersions was not solely dependent on mechanisms of bulk flow.
Walther et al. (20) have previously studied surfactant distribution by conventional and high-frequency oscillatory ventilation using I4C-labeled surfactant in premature lambs with RDS. chanics i n lavaged, surfactant-deficient animals lungs (1 1, 22, 23) .
One potential significance of the distributional results here concerns clinical exogenous surfactant replacement therapy applications. For example, exogenous surfactant is typically administered to infants with RDS in four divided intratracheal aliquots over a 5-min period, with the infant being moved to a new position (i.e. supine, right lateral decubitus, left lateral decubitus, supine) with each aliquot to promote optimal distribution (4-8, 24). The current results suggest that exogenous CLSE distributes rapidly into the lungs even after intratracheal administration as a single bolus without positional adjustments. It is important to note that not all exogenous surfactants may distribute as rapidly as CLSE. It should also be stressed that the experimental methodology used here was designed to follow the kinetics of surfactant movement and not to provide precise information on ultimate deposition as a function of specific position in the lungs. The technique used here cannot provide microscopic resolution and some maldistribution of surfactant may have occurred both within and outside of the particular regions of interest. For complete information, the techniques here need to be coupled with more detailed methodologies involving quantitative analysis of labeled surfactant (i.e. tritium or I4C labeling) in multiple lung sections.
Jobe et al. (25) studied exogenous surfactant distribution in preterm lambs using I4C-and tritium-labeled surfactant. They found relatively homogeneous distribution of material (counting 1-cm3 pieces of lung) when administered before the first breath, compared with inhomogeneous distribution found after mechanical ventilation had started. Lewis et al. (26) studied distribution of aerosolized surfactant versus tracheal instilled surfactant using a similar technique. There were no striking differences in distribution between the experimental groups (although comparable physiologic changes occurred in the aerosol group at a lower surfactant dose). They concluded that even these techniques for assessing surfactant distribution are of low resolution relative to actual surfactant distribution at the alveolar level. In that study, relatively more surfactant was detected in the right upper lobe, which was similar to what we showed using a completely different distributional assessment techniaue. Using the same '4C-labeling. technique, Gilliard et al. (27) d;monstratckd a direct correlatioi between surfactant volume and homogeneity of surfactant distribution. Our study was specifically designed to look at dynamic distributional events, and a combination of techniques will be necessary to provide more optimal information on ultimate surfactant distribution.
Future work of this kind is needed particularly for adult RDS applications, where the distribution of tracheally instilled exogenous surfactant may be more uneven than it is when given early in the course of RDS (22, 28) . In general, a uniform and symmetrical distribution profile with substantial alveolar deposition is needed for optimal surfactant therapy, and also for the use of surfactants to simultaneously deliver other respiratory drugs, such as antioxidant enzymes, to the lung.
In conclusion, a technique has been described in which exogenous surfactant has been labeled directly with 99mTc and followed with radioscintigraphy to evaluate the dynamics of exogenous surfactant distribution after tracheal instillation. The results show that instilled CSLE distributes rapidly into the lungs with a symmetrical pattern of movement, and is associated with significant improvements in oxygenation and lung inflation patterns. The extremely short time scale of initial movement and its substantial independence of ventilation modality imply that interfacial spreading effects are prominent in this process. This may perhaps help to explain the effectiveness that has generally been observed for surfactant replacement therapy using tracheal instillation to aerated lungs.
